Abstract Diesel engine emissions are an important source of ultrafine particulate matter (PM) in both ambient air and many occupational settings. Biodiesel is a popular 'green' alternative to petroleum diesel fuel, but little is known about the impact of 'real-world' biodiesel combustion on workplace PM concentrations and particle characteristics including size, morphology, and composition; or on biological responses. The objectives of the present work were to characterize PM workplace concentrations and tailpipe emissions produced by the combustion of commercially purchased low sulfur petrodiesel and a waste grease B20 blend (20 % biodiesel/80 % petrodiesel by volume) in heavy duty diesel (HDD) nonroad equipment operating in a 'realworld' rural recycling center. Furthermore, we assessed the in vitro responses of cell lines representing human lung epithelial cells (BEAS-2B) and macrophages (THP-1) after 24 h of exposure to these real-world particles. Compared to petroleum diesel, use of B20 in HDD equipment resulted in lower mass concentrations of PM 2.5 , PM <0.25 (particle diameter less than 2.5 and 0.25 μm, respectively), and elemental carbon. Transmission electron analysis of PM showed that primary particle size and morphology were similar between fuel types. Metals composition analysis revealed differences between fuels, with higher Fe, Al, V, and Se measured during B20 use, and higher As, Cd, Cu, Mn, Ni, and Pb concentrations measured during petrodiesel use. In vitro responses varied between fuels but data supported that waste grease B20 particles elicited inflammatory responses in human macrophages and lung epithelial cells comparable to petrodiesel particles. However, the effects were more pronounced with B20 than petrodiesel at the same mass concentration. Since the primary particle size and morphology were similar between fuels, it is likely that the differential results seen in the in vitro assays points to differences in the composition of the PM. Future research should focus on the organic carbon and metals speciation and potential impact of real-world particles on reactive oxygen species generation and mechanisms for differences in the cellular inflammatory responses.
Introduction
Occupational exposure to diesel engine emissions that contain fine and ultrafine particulate matter (PM) are typically much higher than environmental or ambient levels (Wheatley and Sadhra 2004; Smith et al. 2006; Pronk et al. 2009 ). Since 2007, on-road diesel engines have been engineered to yield significantly lower emissions, but nonroad engine and vehicle upgrades are not required until after model year 2014 (U.S. EPA 2013a, b). The Environmental Protection Agency (EPA) has estimated that older nonroad engines have contributed up to 47 % of fine PM and 25 % of total NO x (nitrogen oxide) emissions from mobile sources (U.S. EPA 2004). Despite new regulatory requirements, some older diesel engines will continue to be in use for many years because of the long life expectancy of most on-road and nonroad heavy-duty diesel (HDD) engines.
Biodiesel is a renewable fuel that can be blended into existing petroleum diesel fuel supplies, and B20 blends (20 % biodiesel/80 % petrodiesel, by volume) may be substituted immediately in most diesel engines. Considered more environmentally friendly, biodiesel fuel is biodegradable, reduces greenhouse gas emissions, and has lubricity characteristics that may help extend engine life (NREL 2009 ). Pure biodiesel (B100) has a higher cloud point than petrodiesel, posing challenges for use during winter weather operations. However, winterized B20 blends have been developed (by the addition of kerosene or other cold flow additives) and used successfully across the USA in the coldest climates (NREL 2009 ). Biodiesel production from a variety of feedstocks, including soy, rapeseed, and waste grease, is touted as an important strategy for energy independence and reduced environmental impact from the transportation sector. Despite the common perception that biodiesel fuels are better for the environment and human health, there is limited information about the biological and health effects of 'real-world' biodiesel PM collected in occupational settings. Numerous laboratory studies have shown that use of biodiesel instead of petrodiesel fuel reduces emissions of PM, carbon monoxide, and total hydrocarbons in HDD tailpipe exhaust (Bagley et al. 1998; Graboski and McCormick 1998; Durbin et al. 2000; McCormick et al. 2001; Chen and Wu 2002; U.S. EPA 2002; McCormick et al. 2006; Lapuerta et al. 2007; Robbins et al. 2009; Yanowitz and McCormick 2009 ). Yet, exposure assessment data from the use of biodiesel blends in real-world operating scenarios is quite limited. Traviss et al. (2012) recently reported a significant (56 to 76 %) reduction in the 8-h average PM 2.5 (fine PM≤2.5 μm in diameter) exposure concentrations after a fuel switch to a B20 soy blend from pure petrodiesel in HDD equipment. These findings suggest that using B20 in nonroad equipment may lead to reductions in workplace exposures to PM 2.5 . However, adverse health effects have been reported at unexpectedly low mass concentrations of fine PM, leading scientists and public health officials to conclude that long-term exposure to vehicle-generated particulate air pollution is a significant environmental risk factor for heart and lung diseases (Grahame and Schlesinger 2010; HEI 2010) .
Recent studies evaluating the in vitro toxicological responses to PM generated from combustion of petrodiesel and biodiesel fuels in the laboratory have yielded mixed results. Cheung et al. (2010) reported that both soy-based biodiesel and petrodiesel PM elevated oxidative potential measured with the dithiothreitol consumption assay. Swanson et al. (2009) reported that the soluble organic fraction (SOF) in soy-based biodiesel PM may be a more potent proinflammatory stimulant in human airway epithelial cells than the SOF in petrodiesel PM. In contrast, Hemmingsen et al. (2011) suggested that canola-based biodiesel PM was less toxic to a macrophage cell line (THP-1) than conventional petrodiesel PM when treated with equal mass concentrations. The PM samples in the above referenced studies were collected from engines operating under laboratory conditions or were standard reference samples. Comparing and contrasting responses to 'real-world' biodiesel exposure scenarios and defining associated health effects and biological responses have been identified as critical research needs (Swanson et al. 2007; Swanson et al. 2009; Madden et al. 2011) .
In summary, little is known about the impact of 'realworld' biodiesel combustion on important particle characteristics (size, morphology, and composition) or about the relationship between human health and exposure to 'real-world' biodiesel PM. In addition to evaluating the physical and chemical characteristics of PM, the performance of in vitro assays is an initial step in the evaluation of the impact of particles on biological responses in a model cell system. One approach is to determine whether biodiesel particles induce inflammatory mediators similar to published data on petrodiesel particles. Increased chemokine/cytokine levels reflect activation of pro-inflammatory processes that may contribute to disease pathogenesis. Previous work studying in vitro responses of laboratory-generated petrodiesel particles on cell lines representing human lung epithelial cells (BEAS-2B) and/or macrophages (THP-1) generally indicate increased inflammatory cytokine expression in cells treated with petrodiesel particles (Li et al. 2003; Totlandsdal et al. 2010; Gerlofs-Nijland et al. 2013) .
The objectives of the present work were to characterize PM workplace concentrations and tailpipe emissions produced by the combustion of commercially purchased low-sulfur petrodiesel and a waste grease B20 blend in HDD nonroad equipment operating in a 'real-world' rural recycling center. Furthermore, we assessed the in vitro responses of BEAS-2B and THP-1 cells after 24 h of exposure to these real-world particles collected from HDD equipment. In contrast to earlier work using soy-based B20 (Traviss et al. 2012) , the biodiesel fraction in this study was made from waste yellow grease, or used cooking oil, representing a unique feedstock with potential for sustainability. This approach provided an additional novel opportunity to explore if waste grease biodiesel feedstock influenced particle characteristics and in vitro responses compared to the more widely available soy-based biodiesel.
Materials and methods
Field site description and study design PM sampling was conducted during the summer of 2009 at the Keene Recycling Center (KRC), a rural municipal materials recovery facility in southwestern New Hampshire. Like many public works facilities in rural areas, the KRC uses HDD nonroad construction equipment to move materials (trash and recyclables) throughout the site. The site characteristics and study design have been previously described in detail (Traviss et al. 2010 (Traviss et al. , 2012 . Briefly, the air sampling strategy regarded the KRC nonroad vehicles as pollutant sources for diesel-related PM, with in-cabin measurements over the 8-h workshift approximating employee exposures. The KRC is a smoke-free worksite eliminating employee smoking as a confounding factor. Although PM was collected from multiple work area locations at the site, the focus of this study is on the PM collected from inside the cabin (near the employee breathing zone-referred to as "in-cabin" concentration) and near the tailpipe exhaust of a model year 2005 John Deere 624J (180 hp at 1,800 rpm) front loader (designated as P5B). The same employee operated this equipment for each of the 22 sampling days, and kept both the cabin door and window open throughout the study. The particles used in the cell culture treatments were collected from the tailpipe exhaust of this front loader as described below.
Diesel exposure monitoring was performed while the KRC equipment operated on nonroad quality diesel fuel meeting ASTM D975 standards (sulfur content less than 500 ppm). Yellow grease-based biodiesel (B100) meeting ASTM D6751 quality standards was blended into the site's main fuel tank to create a B20 (20 % biodiesel by volume) blend. Fuel and lube oil composition analyses were not performed. B20-associated PM data collection began 2 weeks after fuel blending to allow time for the new fuel to transition into use with the equipment.
Exposure monitoring was conducted during 10 days of petrodiesel fuel use and 12 days of B20 fuel use between June and August, 2009. Temperature, relative humidity, wind speed, and wind direction data were collected daily to evaluate if there were notable differences between fuel campaigns. Activity patterns for P5B were assessed using multiple approaches. Equipment activity generally consisted of similar repetitive tasks, such as the P5B front loader moving, pushing, and lifting garbage off the tipping floor and into a pile. As the front loader did not have real-time engine data logging capability, we assessed equipment activity by daily fuel consumption, daily hours of operation, and visual task observations. Particulate matter collection: sampling and analysis Size-segregated PM data ranging from >2.5 μm diameter to <0.25 μm diameter were collected inside the cabin of P5B using Sioutas personal cascade impactors (SKC Inc., Eighty Four, PA) and SKC Leland Legacy pumps (SKC Inc., Eighty Four, PA), calibrated to a flow rate of 9 L/min with a Bios Defender 510 primary calibrator. Each impactor contained (4) 25 mm and (1) 37 mm Teflon (PTFE) filters (SKC # 225-2708 and # 225-1709, respectively) which captured particulate matter across five size ranges. Prior to impactor assembly, filters were equilibrated at a constant temperature and humidity for 24 h and pre-weighed in a temperature and humidity controlled environment using a Mettler Toledo (Columbus, OH) XP-6 microbalance. Post weighing of the filters was completed in the same manner. Fine particulate matter (PM 2.5 ) was calculated as the sum of the B plate through the afterfilter (AF). PM >2.5 (A plate) was considered "coarse" particulate matter and PM <0.25 (AF) was given the designation "quasi-ultrafine" particulate matter, similar to the categorization approach used by Arhami et al. (2009) .
Elemental carbon and organic carbon (EC and OC) samples were collected inside the cabin of P5B using preassembled SKC diesel particulate matter (DPM) quartz filter cassettes (SKC #225-317) and SKC PCXR8 pumps, calibrated to a flow rate of 2 L/min with a Bios Defender 510 primary calibrator. The DPM cassettes used in this study were designed to exclude respirable dust particles >1.0 μm in diameter. Each cassette contained two quartz filters; all results were corrected for organic adsorbed artifact using the bottom filter. At the end of each sampling day, DPM cassettes were sealed and catalogued for shipment to an external laboratory (NIOSH, Pittsburgh, PA or Wisconsin Occupational Health Laboratory, Madison, WI) for thermo-optical analysis per the NIOSH 5040 method (Birch and Cary 1996) .
A subset of Teflon filters from Sioutas impactors located inside the cabin of P5B were sent to the Trace Elements Analysis Core Facility at Dartmouth College for metals analysis by inductively coupled plasma mass spectrometer for the following metals: Al, Fe, V, Cr, Cd, Mn, Ni, Cu, Zn, As, Cd, and Pb. These metals were chosen because of their known toxic health effects and/or their association with vehicular emissions (Becker et al. 2005; Chen and Morton 2009; Cheung et al. 2010) . Filters from two petrodiesel and two B20 days (20 filters total) were selected for metals analysis. Upwind samples (located 50 yards upwind of P5B) collected with Sioutas impactors for the same 2 days were also analyzed to characterize ambient background metals concentrations. Concentrations of metals on the B through AF plates (PM 2.5 ) are reported.
Primary particle size and morphology of the petrodiesel and B20 particles collected from the P5B tailpipe exhaust were compared using a Tecnai F20ST transmission electron microscope (accelerating voltage 200 kV). Particles were collected by attaching a 300-mesh copper grid with formvar support film (Electron Microscopy Sciences FF#300-Cu) to the D plate (d 50 =0.25 μm) of a Sioutas impactor using doublebacked tape. Samples were collected at a flow rate of 9 L/min for less than 2 min within 3 ft of the tailpipe exhaust while the front loader was stationary and idling.
In vitro cell culture experiments: particles for cell culture treatments Particles collected directly from the tailpipe exhaust of P5B onto filters during in-field combustion of petrodiesel and waste grease (WG) B20 were used for the biological experiments. Briefly, a Leland Legacy pump pulled 15 L/ min of raw exhaust mixed with HEPA-filtered air (at an approximate 1:1 dilution ratio) onto a 47-mm Pallflex Emfab filter contained in a stainless steel filter holder. The high mass loading on the filters enabled particles to be gently scraped off the filter surface into ethanol to a final concentration of 1 mg/ml. The suspension was sonicated for 10 min and triturated through a 22-gauge needle to obtain a homogenous suspension prior to use in treatments. THP-1 and BEAS-2B cells were exposed to particles at mass concentrations of 10 and 20 μg/ml (<10 % ethanol in the final medium suspension). These treatments are designated as Petro-10, Petro-20, WG-10, and WG-20, indicating the fuel used and dose of particles administered. Controls were exposed to the ethanol/medium suspension without particles. After 24 h of exposure to the particles, culture medium and total protein from cell lysates were collected for subsequent in vitro assays including levels of cytokines/chemokines and Western blots to assess cell signaling pathways. Details of the procedures for cell culture, cytokine/chemokine assays, and Western blot analysis may be found in the Electronic Supplementary Material online.
Data analysis methods
The PM mass concentration, EC, and OC data were not normally distributed so non-parametric statistics (MannWhitney U test) were used to compare concentrations between fuels (PASW Statistics 18 Version 18.0, SPSS Inc., Chicago, IL). Results from the in vitro experiments were analyzed using ANOVA (Tukey multiple comparison test) with fuel as the grouping variable. Statistical significance was determined at p=0.05.
For the TEM analysis, images were collected on particles selected randomly within the grid at ×15,000 and ×71,000 magnifications. Approximately 100 agglomerates per fuel type from the Sioutas D plate (d 50 =0.25 μm) were analyzed for primary particle diameter size and fractal dimension calculations. Over 300 primary particle diameters per fuel type were measured to determine each primary particle size distribution. Public domain Image J software was used to measure the maximum length, L max of the PM agglomerate, the area of the primary (spherical) particles (A p ), and the projected area of the PM agglomerate (A c ), as illustrated in Fig. 1 .
Results

Weather and activity
Overall the weather conditions (temperature, humidity, and wind speed) were similar for both fuel campaigns. Wind speed and direction were consistent with the average wind speed on any given field day not exceeding 2 mph. The calm conditions are likely due to the distinct bowl-like topography at the site. The only notable difference was in temperature (average temperature of 64°F [petrodiesel] compared to 76°F [B20 fuel], p<0.05). However, we do not believe temperature influenced PM concentrations during the study. Average daily fuel consumption was slightly greater during B20 operation (14.4 (±1.5 SE) vs. 13.8 (±1.5 SE) gallons per day). The 9 % lower energy content of biodiesel (on a BTU/lb basis) may account for the higher fuel consumption (NREL 2009). The daily average operating time was 6.3 (±0.3 SE) hours (B20) vs. 4.5 (±0.2 SE) hours (petrodiesel) for P5B and likely also contributed to the difference in fuel consumption. It is unknown why the recycling center operation was busier during the B20 fueling campaign.
Particulate matter: in-cabin concentrations and tailpipe characterization
In-cabin concentrations 3 during B20 fueling. After switching to B20, the average PM 2.5 concentration was 5 % lower in the cabin. PM <0.25 or "quasi-ultrafine" concentrations during petrodiesel fuel use ranged from 14 to 177 μg/m 3 compared to a range of 9 to 66 μg/m 3 measured during B20 use. After switching to B20, the average PM <0.25 concentration inside the cabin was 43 % lower on average compared to petrodiesel fueling days. The level of equipment activity was higher during the B20 sampling period when evaluating activity based on observed hours of engine operation and gallons of fuel consumed over the 8-h workshift; however, the mean PM 2.5 exposure mass concentration was lower during B20 operation. To account for the difference in source activity based on fuel use and hours of equipment operation, we computed PM emissions factors on a per-gallon and per-hour basis. The average PM 2.5 mass measured in the cabin was 24.9 μg/gal (±7.0 SE, n=10) for petrodiesel compared to 19.0 μg/gal (±4.2 SE, n=12) during B20 operation. On a time-operation basis, the average PM 2.5 mass measured during diesel fueling was 74.0 μg/h (±20.0 SE, n=10) compared to 40.3 μg/h (±8.7 SE, n=12) during B20 use. These emissions factors do not account for differences in the equipment operating load conditions during either fuel campaign. To evaluate operating intensity, one would have to log engine data, which was not available for this study.
After the switch from diesel to B20, the average elemental carbon exposure concentration in the cabin was 10 % lower, but the average organic carbon level was 46 % higher. The ratio of EC/OC was 1.04 during petrodiesel operation compared to 0.64 during B20 use, suggesting that PM composition is different between fuels.
TEM analysis
PM size and morphology per fuel type were determined using the TEM images. Circles were drawn around primary particles with clear boundaries within an agglomerate and the average primary particle diameter, d p , was calculated using the average projected area, A p , per Eq. 1 below. Results for d p are presented in Fig. 2a and b. The primary particle diameters ranged from 4.4 to 23.0 nm for petrodiesel fueling compared to 4.7 to 23.7 nm for B20 fueling. There was little difference in primary particle diameter between fuel types.
The number of primary particles per agglomerate, N, was calculated using Eq. 2, where K a represents an empirical constant and α represents an empirical coefficient (Oh and Sorensen 1997; Mustafi and Raine 2009) .
For this study, values of 1.35 and 1.1 were selected for K a and α, respectively, based on literature values for diesel engine operation at conditions other than high fueling/heavy load and considering the overlap of the primary particle spheres in the typical agglomerate (Oh and Sorensen 1997; Mustafi and Raine 2009) . After N was determined per Eq. 2, the fractal dimension, D fL , was calculated by solving for the slope of the ln (N) versus ln (L max /d p ) plot (Mustafi and Raine 2009) .
Plots of ln (N) versus ln (L max /d p ) for the agglomerates are presented in Fig. 3a and b. Fractal dimension values were quite similar between fuel types, with values of 1.63 and 1.61 determined for petrodiesel and B20 fueling, respectively. Next, the average agglomerate diameter of gyration, d g , and the fractal prefactor, k f , were determined per the steps outlined in Mustafi (2008) . The fractal prefactor is considered another Fine particulate matter (PM 2.5 ), quasi ultrafine (PM <0.25 ), elemental carbon, and organic carbon mass concentrations are measured in micrograms per cubic meter. PM 2.5 mass is also expressed as emission factors based on fuel usage (μg/gal) and time operation of equipment (μg/h). There were no significant differences between fuel types characteristic of particle morphology, whereby a smaller k f value suggests more elongated particulates (Neer and Koylu 2006) . The average agglomerate diameter of gyration, d g , was smaller during B20 fueling, 99 nm compared to 109 nm during diesel use. The values for the fractal prefactor, k f , were likewise similar between fuels. The average primary particle diameters and the agglomerate gyration diameters per fuel type are summarized in Table 2 .
Metals
Figures 4, 5, and 6 display metals concentrations in PM 2.5 (in ng/mg PM) for Fe, Al, Cr, Mn, Cu, Ni, V, As, Cd, Se, and Pb measured in the cabin during both B20 and petrodiesel days of operation. It should be noted that Cr levels were consistently found to be higher in the upwind samples for both fuel types, suggesting another potential local source for this metal. The concentrations of all other metals in upwind samples were either lower than the in-cabin levels or below detection limits, indicating the HDD equipment as the major source of metals in PM 2.5 . Higher concentrations for Fe, Al, V, and Se were Ln (Lmax/dp) 0 1 2 3 4 Ln (Lmax/dp) However, the petroleum diesel fuel and B100 were hand blended at the tank to create the B20 mixture, and this process was repeated for new petroleum shipments during the summer sampling period using the same B100 source. It is possible the composition of the commercial petroleum diesel base fuel was slightly different between shipments and between petrodiesel vs. B20 sampling campaigns.
Comparing the metals composition of PM 2.5 in exposure units of concentration, nanograms per cubic meters, gives slightly different results. This is likely because the average total PM 2.5 mass concentration (for the 2-day subset of filters per fuel type that was analyzed for metals) was higher during B20 operation: 131 μg/m 3 for B20 compared to 97 μg/m 3 for petrodiesel. Correspondingly, most concentrations of metals measured in nanograms per cubic meters were higher during B20 use. Of note, Fe concentration values were highest at 2,180 ng/m 3 for B20 vs 954 ng/m 3 for petrodiesel followed by Cu values of 229 ng/m 3 (B20) vs. 202 ng/m 3 (petrodiesel). Ni was measured at 16 ng/m 3 (B20) compared to 12 ng/m 3 (petrodiesel). The total mass of metals analyzed in this study contributed about 3 to 4 % of total PM 2.5 mass for both fuel types; much of this mass contribution was from Al and Fe, likely from fine resuspended dust, though Fe is also associated with engine wear (Cheung et al. 2010 ).
In vitro cell responses to exposure to PM
Pro-inflammatory cytokines/chemokines
A total of 27 cytokines/chemokines (see kit information for details) were screened to determine responsiveness of the cells to petrodiesel and B20 particles. Many of the readings were not detectable so only those with significant changes or with clear trends are shown in the results.
THP-1 cells These cells represent the macrophage that is often considered the sentinel cell in the immune response because they are typically the first to encounter pathogens or inhaled particulates. Cytokines/chemokines were measured to determine the pro-inflammatory responses elicited by PM exposure. As shown in Fig. 7 , tumor necrosis factor alpha (TNF-α) increased at both WG PM concentrations although only the WG-20 treatment was significantly greater than the control. Petrodiesel PM at both concentrations had minimal effects on TNF-α release. IL-8 significantly increased after Petro-10, Petro-20, and WG-10 treatments, but not after the WG-20 treatment. Macrophage inflammatory protein-1α (MIP-1α) significantly increased after all particle treatments. As determined by post hoc analysis, the WG-10 treatment had a greater MIP-1α response than the Petro-10 treatment and the WG-20 treatment also had a greater response than the Petro-20. No statistically significant differences were found in the levels of IL-1β compared to the control. Fig. 7 , BEAS-2B cells responded to particle treatments by differentially secreting IL-6 and IL-8 into the culture medium. Particles from combustion of both fuels induced IL-6. The WG-10 effect on IL-6 was greater than the Petro-10 effect (p≤0.05). There was no statistically significant difference between the WG-20 and Petro-20 treatments on IL-6. IL-8 was secreted primarily in response to Petro-10 and Petro-20 particles. The IL-8 response to WG-10 and WG-20 particles was not significantly different than the control. The Petro-20 effect on IL-8 was significantly greater than the WG-20 effect (p≤0.05).
BEAS-2B cells (lung epithelial cells) As shown in
Western blot analyses
THP-1 cells Involvement of Toll-like Receptor 2 (TLR2) and TLR4 in inflammatory immune responses induced by PM and diesel exhaust particles (DEP) has been reported in alveolar macrophages (Shoenfelt et al. 2009 ). Expression of TLR2 appeared to be slightly higher in WG-treated THP-1 cells compared with untreated control (e.g., Petro-20 increased 1.6±0.26-fold over control) but differences were not statistically significant (Fig. 8) . No TLR4 response could be detected.
BEAS-2B cells PM or DEP have been suggested to upregulate the expression of the epidermal growth factor receptor (EGFR) and extracellular signal-regulated kinase (ERK) pathways and sustain the proinflammatory response in human bronchial epithelial cells (Blanchet et al. 2004 ). We examined activation of EGFR and ERKs in WG PM-treated BEAS-2B cells compared with petrodiesel, and found that phosphorylated ERK1 and 2 was increased in all particle-treated cells, especially WG10 (p≤0.05); phosphorylation of EGFR at T1068 was not significant, as seen in Fig. 8 . These biological data support the notion that particles from WG combustion have a pro-inflammatory effect on exposed cells comparable to petrodiesel and with possibly greater effects at the same mass concentration.
Discussion
In this work, PM generated by use of petrodiesel fuel and B20 (waste grease feedstock) in a nonroad heavy duty engine Fig. 7 Observed cytokine responses to petrodiesel and WG (B20) particles in THP-1 (left) and BEAS-2B cells (right). Asterisks denotes significance at p=0.05 compared to control operating under real-world conditions was evaluated for workplace concentrations and biological responses in two cell lines. We characterized the PM collected inside the cabin near the operator breathing zone by measuring size segregated gravimetric mass (PM 2.5 and PM <0.25 ), EC, OC, and metals concentrations. We also conducted morphological analysis of PM collected at the tailpipe from the same piece of equipment. We assumed that tailpipe emissions were the major contributor to the PM measured in-cabin, a reasonable assumption due to the type of work the front loader performed, essentially pushing or lifting loads, but consistently moving back and forth through its own exhaust plume. Other biodiesel emissions studies have concluded metals emitted in the exhaust are mainly from a fuel source (Dwivedi et al. 2006 ). However, we note that vehicle-related PM and associated metals such as Fe, Pb, and Cu may also be impacted by lubrication oil, tire, and brake emissions (HEI 2011) . In addition, due to changes in PM from dilution and aging as PM moves from the tailpipe to the equipment cabin, future work should examine potential differences in composition and morphology between tailpipe and in-cabin PM, as well as analyze the source fuel for metals.
Tailpipe PM primary particle size and morphology were similar between fuels. The primary particle diameter (∼10 nm size range) for B20 and diesel was smaller compared to the primary particle diameters (in the 20 to 35 nm size range) reported for diesel soot by other researchers (Park et al. 2004; Chung et al. 2008; Mustafi and Raine 2009 ). The smaller primary particle diameter could be a function of the larger nonroad type engine and different fuel configurations used in this study compared to the above referenced work. The average PM agglomerate size (represented by the gyration diameter, d g ) for both fuels was similar to Mustafi (2008) , though the latter reports a wider range (120 to 270 nm) likely due to the examination of multiple engine loads and fuels. We note that this study only examined particles collected during idle mode, and that operating under load would likely change particle characteristics. For example, Mustafi (2008) found the average d g for diesel PM was highest during high-load conditions.
The fractal dimension values in this study were similar between diesel and B20 and were comparable to other literature reports of diesel soot fractal dimension values ranging from 1.61 to 1.88 (Park et al. (2004); Chung et al. 2008; Mustafi and Raine (2009) ). Smaller fractal dimension values are associated with more chain-like irregular agglomerates (Mustafi and Raine 2009) , and our results were in the smaller range of values reported in the literature, indicating an increase in chain-like agglomerates. This type of particle would likely have increased surface area for adsorption of chemical components.
While the tailpipe PM size and morphology were similar between fuel types, the in-cabin PM mass concentrations were lower during B20 fueling, even when normalizing for the higher fuel consumption and hours of operation during B20 operations. We note the reduction in PM 2.5 mass concentration from B20 use was not statistically significant in this study compared to previous work (Traviss et al. 2012) The average EC concentration was higher during petrodiesel fueling, and the average OC concentration was higher during B20 use; the EC/OC ratio was 1.04 during petrodiesel use and 0.64 during B20 use. Our prior study at this same field site determined an average EC/OC ratio across multiple sampling locations of 1.29 [petrodiesel] at P5B during the earlier study as that vehicle was not part of the City of Keene fleet at the time. Comparing our EC/OC results to the literature is difficult due to the use of different engine types, fuel combinations, operating modes, and our measurement of workplace concentrations vs. tailpipe emissions. Generally, biodiesel operation results in a lower EC/OC ratio compared to petroleum diesel fueling, which is consistent with our results. Use of biodiesel and ULSD blends in a 56-hp nonroad engine operated in a simulated underground environment found that the OC increased with increasing fraction of biodiesel in the fuel, with EC/OC ratios of 1.56 (lower load) during ULSD fueling compared to 0.69 (lower load) during B50 fueling (Bugarski et al. 2010) . Chung et al. (2008) also determined that biodiesel use decreased the EC/ OC ratio in particulate emissions from a small nonroad diesel engine, with the EC/OC ratio ranging from 0.5 (diesel, low load) and 0.09 (biodiesel, low load) to 3.8 (diesel, maximum load) and 3.0 (biodiesel, maximum load). Finally, MagaraGomez et al. (2012) determined the highest OC emissions from B100 use in a tractor engine, which was attributed to unburned fatty acid methyl esters.
Differences were noted in PM 2.5 metals concentrations between fuel types. Higher in-cabin concentrations for Fe, Al, V, and Se (on a nanogams per milligram PM basis) were measured during B20 use, and higher As, Cd, Cu, Mn, Ni, and Pb concentrations were noted during petrodiesel use. Comparing our results to the literature, Betha and Balasubramanian (2011a, b) found higher levels of Fe, Cu, Ba, and Ni in B100 exhaust (waste grease feedstock), and higher levels of Al, Mn, As, Cd, and Pb in ultra low sulfur diesel exhaust. Conversely, Gangwar et al. (2011) found higher levels of Mn and Pb in B20 exhaust from karanja oil, and values of Fe were not above detection limits for either fuel.
From a human exposure perspective, emerging evidence exists that inhalation of some metals such as Ni, V, and Pb at concentrations not much higher than ambient levels is associated with adverse health effects (Chen and Morton 2009) . Comparing the in-cabin PM 2.5 metals concentrations to ambient levels of PM 2.5 metals measured in urban areas by the EPA (Chen and Morton 2009), concentrations of metals were highly elevated at the KRC compared to the mean ambient PM 2.5 metals data in the northeastern cities of Burlington, VT and Philadelphia, PA. For example, the mean workplace concentration of Fe during the B20 campaign was 26 times higher than the mean concentration of 84 ng/m 3 reported for Philadelphia, PA and 53 times higher than the mean concentration of 41 ng/m 3 for Burlington, VT. Cu levels during both fuel campaigns were about ten times higher in the workplace compared to levels reported in northeastern cities. Pb, Ni, and Mn were elevated in the workplace compared to various urban areas, ranging from two to six times higher than ambient concentrations. With only 2 days of data per fuel type, it is difficult to draw conclusions about differences in metals concentrations between fuels. Our results emphasize the need for ongoing exposure assessment research in microenvironments such as workplaces as these microenvironments may experience highly elevated metals concentrations compared to more frequently studied urban areas.
A unique aspect of this work is the determination of in vitro cell responses to particles collected from in use HDD engines, in addition to the use of waste grease as the feedstock for the B20 fuel. The four pro-inflammatory cytokines (IL-6, IL-8, TNF-α, and MIP-1α) measured in this study have been reported in PM-and DEP-exposed cells or animals (Arimoto et al. 2007; Sawyer et al. 2010; Levesque et al. 2011; McConnell et al. 2013 ). The present work is the first to show that WG-derived B20 particles also induced these responses. Dose response effects were noted for some of the cytokines, such as in TNF-α (THP-1) and IL-6 (BEAS-2B), but not seen in others, like IL-8 (THP-1). This is not unusual in PM-treated cells because mass concentration is only one way to induce responses (Steenhof et al. 2013) . Surface properties may play a more important role than mass concentration in ultrafine particle toxicity. Unfortunately, treating cells with the same mass concentration in PM suspensions may not necessarily assure uniformity in the particle size and surface area distribution.
The data demonstrate that exhaust particles collected from in-field combustion of waste grease B20 elicits different patterns of inflammatory responses in human macrophages and lung epithelial cells when compared to PM generated by petrodiesel combustion. Variable responses were also seen in the activation of pro-inflammatory signaling pathways. Since the primary particle size and morphology are similar between fuels, it is likely the differential results seen in the in vitro assays points to differences in the composition of the PM, as suggested by others (Hemmingsen et al. 2011) .
Additionally, both B20 and petrodiesel particles collected in the cabin contained elevated levels of transition metals Fe, Cu, and Ni. These transition metals are associated with generation of reactive oxygen species (ROS) and/or cellular inflammatory effects (Chen and Morton 2009; Cheung et al. 2010; Jalava et al. 2010 and Schwarze et al. 2010) . Further analysis of ROS generation, as well as speciation of the organic composition of the PM, is desirable to better understand the results of this study. In summary, different cell signaling pathways and subsequent inflammatory responses appear to be activated by the two fuel types, suggesting that the type and pathogenesis of disease will be dependent on fuel source, PM composition, as well as the cell types exposed.
Conclusion
The national interest in biodiesel from various feedstocks emphasizes the need to study health effects associated with exposure to real-world particles. This study provides important novel data on real-world PM workplace concentrations, particle morphology, and in vitro responses to particles collected from nonroad heavy duty diesel engines fueled by petrodiesel and waste grease biodiesel. Understanding PM composition and toxicological effects resulting from biodiesel blend combustion is an important area for future research as biodiesel feedstocks and engine configurations evolve and there is sustained national interest in biofuel production as a means to achieve independence from fossil fuels. The present work suggests that PM from B20 combustion in a workplace setting elicits differential inflammatory responses than petrodiesel PM and additional data are needed to further examine these differences, such as the impact of biodiesel/ petrodiesel PM on ROS. Finally, future work should consider the real-world combustion of biodiesel in higher blend percentages (>20 %), to determine if the increased level of biodiesel in is an important factor in PM composition and associated biological response.
